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ABSTRACT 
 
DELETION OF THE Bax GENE SEVERELY IMPAIRS SEXUAL BEHAVIOR 
AND MODESTLY IMPAIRS MOTOR FUNCTION IN MICE 
 
SEPTEMBER 2008 
 
JIGYASA JYOTIKA, B.SC. (HONS.), MICROBIOLOGY, UNIVERSITY OF DELHI 
 
M.SC., MOLECULAR MEDICINE, TRINITY COLLEGE OF DUBLIN 
 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Nancy G. Forger 
 
 
During neural development, nearly 50% of all newly generated neurons undergo 
cell death after making provisional contact with their target cells. The functional 
consequences of eliminating this neuronal cell death are not known.  Bax, a pro-apoptotic 
protein, is required for cell death in many neural regions. A null mutation of the Bax gene 
in mice has been shown to increase overall cell number and eliminate  the sex differences 
in neuron number in the anteroventral periventricular nucleus (AVPV) and the principal 
nucleus of the bed nucleus of the stria terminalis (BNSTp).  The aim of my Master’s 
thesis was to study male and female sexual behaviors and motor behavior in Bax -/- mice 
and their wild-type siblings. Animals were gonadectomized in adulthood and provided 
with ovarian hormones or with testosterone for tests of female and male sexual behaviors, 
respectively. Wild-type mice exhibited a sex difference in feminine sexual behavior, with 
high lordosis scores in females and low scores in males. This sex difference was 
eliminated by Bax deletion, with very low receptivity exhibited by both male and female 
Bax -/- mice. Male sexual behavior was not sexually dimorphic among wild-type mice, 
but mounts and pelvic thrusts were nearly absent in Bax -/- mice of both sexes.  The 
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knockouts did not display deficient motor strength or performance at low speeds on a 
RotaRod apparatus compared to wild type mice. At high speeds, however, Bax -/- 
animals exhibited impairments on the RotaRod.  Therefore, developmental cell death 
may be required for exhibition of male and female sexual behaviors, and for coordination 
of relatively difficult motor tasks.  
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CHAPTER 1 
 
INTRODUCTION 
 
Neuronal Cell Death During Development 
 
There is widespread cell death during the normal development of the vertebrate 
nervous system. About one half of all neurons initially produced die during a period of 
naturally-occurring cell death after making provisional contacts with targets and afferents. 
Dying neurons exhibit the characteristic morphological and neurochemical changes of 
cell death such as cell shrinkage, nuclear condensation, membrane blebbing and 
fragmentation of nuclear DNA (Bredesen, 1995; Merry et al., 1997). Cell death is thought 
to numerically match afferent neurons with their target cells (reviewed by Oppenheim, 
1991). One reason proposed for the production of excess neurons is that this results in a 
competition for contacts with cellular partners and, thus, adjusts their numbers to provide 
optimum innervation of synaptic targets (Hamburger et al., 1982; Pettmann et al., 1998). 
However, few attempts to test the functional consequences of neuronal cell death have 
been made. One way to test this is to examine genetically-manipulated mice in which 
neuronal cell death has been prevented, which is the approach taken here. 
 
The Bcl-2 Family of Proteins and Mechanisms of Cell Death 
 
A family of proteins (called the Bcl-2 family after the discovery of its first 
member in a B Cell Lymphoma cell line) regulate cell death via an active cell suicide 
program called apoptosis. The Bcl-2 family of proteins consists of family members 
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categorized on the basis of structure and function. All proteins in the family share 
homology in their Bcl-2 homology (BH) domains. Members of the Bcl-2 family are of 
two kinds depending on whether they inhibit cell death or promote it. Most anti-apoptotic 
proteins including Bcl-2 and Bcl-xL (B Cell Lymphoma Extra Long) have four BH 
domains and a transmembrane domain that facilitates insertion of the protein into the 
mitochondrial membrane. Pro-apoptotic proteins either have the BH domains 1-3 and the 
transmembrane domain (e.g. Bax) or only the BH3 domain and sometimes a 
transmembrane domain. This latter group of proteins are called BH3- only proteins. The 
exact molecular mechanism through which Bcl-2 family members control apoptosis is 
not known. As per the “rheostat” model first proposed to explain one possible 
mechanism, a high Bax to Bcl-2/Bcl-xL ratio in a cell, leads to cell death. In this model, 
Bcl-2 and Bcl-xL prevent cell death mainly by binding Bax through heterodimerization 
with it and the balance between pro-apoptotic and anti-apoptotic members acts as a 
checkpoint to determine whether or not a cell will undergo apoptosis (Oltvai et al, 1993; 
reviewed by Korsmeyer et al., 1999).  A more current model proposes that it is the 
differential subcellular localizations of the Bcl-2 family proteins and the levels of BH-3 
only proteins that are critical to the regulation of cell death. In this model, Bcl-2 is 
primarily localized to the outer mitochondrial membrane and Bax normally resides in the 
cytoplasm. Upon receiving a death signal Bax translocates to the mitochondria and 
changes conformation and if unbound by an anti-apoptotic Bcl-2 family protein, it homo-
oligomerizes and causes cytochrome c release from the mitochondria into the cytosol 
(Valentijn et al., 2003). Release of cytochrome c activates downstream cascades resulting 
in cell death via one of the possible mechanisms discussed below. BH3-only proteins 
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(singly or in combination) disrupt this equilibrium by binding and inactivating 
antiapoptotic Bcl-2 proteins, and indirectly promoting Bax homo-oligomerization and its 
downstream sequelae. Other BH3-only proteins directly bind and activate Bax. So the 
level of BH3-only proteins determines how much Bcl-2 or Bcl-xL is available to bind 
Bax in the cell and prevent Bax homo-oligomerization and whether or not Bax will be 
able to bring about cell execution (Harris and Johnson 2001; Putcha et al., 1999, 2002).  
In many tissues, Bax as well as another full-length pro-apoptotic Bcl-2 family 
protein, Bak, are required for cell death and the genes for both proteins must be deleted to 
prevent cell death (Lindsten et al., 2000). In developing neurons however, Bak in its full-
length form is reported to be markedly reduced or altogether absent (Sun et al., 2001). 
This may be why Bax is so critical for neuronal cell death. 
Two alternative theories exist to explain how Bax oligomers cause cell death. Bax 
oligomers  forms may form channels in the outer mitochondrial membrane through which 
cytochrome c can escape into the cytosol and bind apoptotic protease-inhibiting factor 1 
(Apaf-1). This complex recruits and activates caspase 9, which then activates other 
downstream caspases. Caspases (Cystein Aspartic Acid Proteases) are downstream death 
effector molecules that degrade cellular proteins to cause cell death. Another theory about 
what happens when a cell death signal is received is that Bax alters the activity of pre-
existing channels called Permeability Transition Pores (PTPs) between the inner and 
outer mitochondrial membranes. When Bax homo-oligomers form at  the mitochondria, 
the activity of the PTPs is altered and cytochrome c is released. In support of this theory, 
blocking PTP inhibits Bax induced apoptosis (Zoratti et al., 1995; reviewed by Gross et 
al, 1999).  
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The Central Role of Bax 
 
Bax is widely expressed in the nervous system and is present at high levels during 
the peak of developmental cell death in several brain structures (Vekrellis et al., 1997). 
The role of Bax has been demonstrated in several types of neuronal cell death. Deletion 
of Bax eliminates much of the neuronal death that occurs in both the PNS and CNS 
during development (e.g. cranial and retinal ganglion cells, spinal motoneurons, 
brainstem, cerebellar and hippocampal neurons; White et al., 1998). In one study, 
sympathetic ganglion cells from Bax-/- mice were cultured for more than 21 days in the 
absence of any exogenous growth factor  (Deckwerth et al., 1996), showing that trophic 
factor deprivation-induced death depends on Bax.    
 
Gonadal Steroid Hormones Organize the Structure of the Central Nervous System 
in Vertebrates 
 
Several sex differences in neuron number have been identified in the rat central 
nervous system. Males have many more neurons than females in the sexually dimorphic 
nucleus of the preoptic area (SDN-POA), principle nucleus of the bed nucleus of the stria 
terminalis (BNSTp) and in the spinal nucleus of the bulbocavernosus (SNB) (Gorski et 
al., 1980; del Abril et al., 1987; Guillamon et al., 1988; Breedlove et al., 1980). Females 
have more neurons in the anteroventral periventricular nucleus (AVPV) of the 
hypothalamus (Sumida et al., 1993). Phoenix et al first proposed that the differential 
gonadal steroid hormone exposure of male and female brains during a developmental 
critical period permanently organizes neural structures and circuits to establish sex 
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differences in function in the nervous system.  Exposing female guinea pigs to 
testosterone in utero permanently interfered with the animals' tendency to show female 
reproductive behaviors in adulthood. Treating adult females with testosterone had a 
transient effect, or none at all on these behaviors (Phoenix et al., 1959). The study led to 
the formulation of the organizational/activational hypothesis - that sex hormones act 
during the fetal or neonatal stage of a mammal's life to organize the nervous system in a 
sex-specific manner, and that during adult life, the same hormones may have transitory, 
activational effects. Male rats have higher testosterone levels than females from day 18 of 
gestation till day 5 after birth (Weisz et al., 1980; Pang et al., 1979).Early exposure to 
testicular hormones masculinizes brain structures. Castrating neonatal male rats 
significantly reduces the volume of the SDN-POA and BNSTp in adulthood whereas 
exposing developing female rats to testosterone increases the size of these structures in 
adulthood (Dohler et al., 1984; Guillamon et al. 1988). 
In mice, differentiation of the testes is thought to be completed by embryonic day 
14.5, and males experience a testosterone surge around day 17 of gestation and a 
secondary rise just after birth (reviewed by Burns-Cusato et al., 2004). BNSTp volume 
and cell number is sexually dimorphic in adult C57BL/6 mice as it is in rats (Forger et 
al.,2004). The difference in volume and cell number emerges between postnatal day P7 
and it has been assumed that females have more cells in AVPV based on volume and cell 
densities in females (Gotsiridze et al., 2007, Zup et al., 2003). AVPV cell number differs 
between male and female mice too with higher cell numbers in females (Forger et al., 
2004). As in rats, male mice exhibit sexual differentiation in the SNB too  with higher 
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SNB motoneuron numbers in males than in females measured (Wee et al., 1987; Jacob et 
al., 2005). 
 
Testosterone Acts by Increasing or Decreasing the Rate of Apoptosis 
 
Theoretically, sex differences in the nervous system could result from differences 
in  neurogenesis, migration, phenotypic differentiation or hormonally regulated cell death 
(DeVries and Simerly, 2002). So far, cell death is the best established mechanism and has 
been implicated in the sexually dimorphic development of the BNSTp, the SNB and the 
AVPV of mice and rats (reviewed in Forger, 2006). Testosterone (or one of its hormonal 
metabolites) causes sex differences in neuron number by increasing or decreasing the rate 
of apoptosis in several neural regions. Apoptosis in these regions can be measured by 
quantifying dying cells based on their characteristic morphological appearance or by 
detecting the orderly fragmentation of DNA. However, little is known about the 
molecular basis of the mechanisms which underlie hormonally controlled cell death or 
survival. 
 
Masculinization and Feminization 
 
Male rats undergo two developmental processes, masculinization and 
defeminization, that affect their adult behavior. Masculinization refers to development of 
the underlying neural circuitry and behavioral patterns that are exhibited either 
exclusively or to a greater degree by males than females. Male copulatory behaviors are 
masculinized by androgens during development and also require androgens for activation 
during adulthood. Defeminization in males reduces the likelihood that males will display 
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female-typical sex behaviors in adulthood – such as the display of lordosis (a posture 
adopted by a sexually receptive female during mating). In contrast, females in the 
absence of testosterone undergo feminization and demasculinization to exhibit female sex 
behavior (most importantly lordosis) and not exhibit male-like sex behavior. Depriving 
males rats of their testes, or steroids produced by the testes, during the critical 
developmental period results in their demasculinization and feminization (Arnold et al., 
1984; McEwen et al., 1983).   
   The testosterone produced by the testes is converted to estradiol in the brain by 
the enzyme aromatase (Jost et al., 1983). After aromatization, estradiol (E2) binds to two 
known estrogen receptors (ERs) - ERα and ERβ. Some evidence suggests that ERα is 
primarily involved in masculinization, while ERβ has a major role in defeminization of 
sexual behaviors (Kudwa et al 2005; 2006). Testosterone can also bind androgen 
receptors itself or after conversion to the non-aromatizable androgen, 
dihydrotestosterone. Activation of androgen receptors is also required for normal 
masculinization of brain and behavior (Zuologa et al., 2007. Bodo et al., 2006; 2008). 
 
Deletion of Bax eliminates sex differences in overall neuron number in some 
sexually dimorphic regions in the brain involved in sex behavior 
 
To test whether Bax-dependent cell death is responsible for causing sex 
differences in the brain and spinal cord, the SNB, AVPV and BNST were examined in 
Bax-/- mice. A null mutation of the Bax gene in mice leads to an increase in cell numbers 
in both sexes of Bax-/-animals in the BNSTp and AVPV and eliminates sex differences in 
both these regions. (Forger et al., 2004).  In another study, dying cells were counted in 
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the BNSTp on P6 (one of the days of maximum cell death) in Bax-/- mice and their Bax 
+/+ siblings. Bax gene deletion nearly abolished dead cells in the BNSTp of both sexes 
supporting the interpretation that the sex difference in BNSTp cell number seen in 
adulthood was due to Bax-dependent, sexually dimorphic cell death during the first week 
of life in mice (Gotsiridze et al., 2007). In another study done to test the role of the Bax  
gene on motoneuron death in the SNB, motoneuron numbers were measured using 
immunolabeling for  motoneuron-specific marker or retrograde labeling with a 
fluorescent tracer. By both methods, increased SNB cell numbers were observed in 
female Bax-/- mice. Further, this sex difference was eliminated in Bax-/- mice (Jacob et 
al.,2005). 
The phenotypic differentiation and function of the projections formed by the 
"extra" rescued neurons after Bax deletion has not been studied. Whereas the AVPV of 
Bax-/- animals is super-feminized, their BNST is super-masculinized with respect to cell 
number. So the brains of the Bax-/- mice are mosaic with respect to sexual differentiation. 
It is unknown whether normally sexually dimorphic behaviors are affected by Bax 
deletion. There is evidence that some of the neurons rescued by Bax deletion in non-
sexually dimorphic areas are atrophic and are not necessarily part of functional neural 
circuits (Merry et al., 1997; Sun et al., 2003). In the Bax-/- mice, the mean cell size in the 
BNST and AVPV is reduced and this may have functional consequences (Forger et al., 
2004). Also, though cells in the AVPV, BNST and SNB have been counted, multiple 
brain areas would have been affected by the absence of Bax (both in sexually dimorphic 
and monomorphic areas) (Forger et al., 2004; Jacob et al., 2005). Unexpected 
compensatory or redundancy mechanisms might also be activated because of the gene 
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deletion (Nelson et al., 1997). Thus, difficult to predict behaviors have been studied in 
adult mice with extra neurons before. Hu-Bcl-2 transgenic mice (mice which over-
express human Bcl-2 under the control of a neuron-specific promotor) show the same 
performance levels as wild type mice on tests of equilibrium, basic motor coordination 
and muscular strength as measu red on a hang test, but deficient performance on a 
complex motor coordination task – running on a rotating rod (RotaRod) at 20 to 40 
rotations per minute (rpm) (Rondi-Reig et al., 1999; Rondi-Reig et al., 2002). Most 
parameters of motor development and function tested have been found to be completely 
normal in Bax-/- mice (Buss et al., 2006). However, sexually dimorphic behaviors have 
not been studied in these mice. 
 Together these observations raised the question of how behaviors and in 
particular sex behavior were affected by deletion of Bax. The aim of this project was to 
test how deletion of Bax affected male and female sex behavior and motor function in 
Bax-/- mice. 
 
Female and Male Sex Behavior 
 
In gonadally intact female rats and mice, the sequential release of ovarian 
estradiol and progesterone integrates sex behavior or sexual receptivity (estrus) with 
ovulation. In ovariectomized rats and mice, progesterone-facilitated feminine sexual 
behavior occurs following priming with exogenous estradiol benzoate. More specifically, 
this treatment is activational in adulthood and maximizes the probability that the female 
will assume the lordosis posture when mounted by a male. (Lisk 1960; Meyerson, 1972). 
Lordosis is the sustained dorsiflexion of the spinal column and elevation of the hind 
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quarters observed in mating female rodents and allows intromission by the male. 
Lordosis is quantified by the Lordosis Quotient (LQ) – a numerical measure of female 
receptivity.  
Female rodent sexual behavior is sexually differentiated - wild type female mice 
tested for female sex behavior display lordosis at significantly higher levels than wild 
type males even after gonadectomy in adulthood and equalization of hormone levels by 
administration of estradiol benzoate and progesterone to activate female sex behavior in 
both sexes (reviewed by Kudwa et al., 2006).  
It is less clear whether male sexual behavior is differentiated in mice. Wild type 
male mice of some strains display significantly higher frequencies of mount, 
intromissions and ejaculations when tested for male sex behavior than do wild type 
females (even after gonadectomy in adulthood and equalization of hormone levels by 
administration of testosterone to activate male sex behavior in both sexes) (Wersinger et 
al., 2000). However, there are studies where females that were gonadectomized and 
administered testosterone in adulthood exhibited the same or even higher levels of male 
sex behavior than their male counterparts (Edwards et al., 1971; Bodo et al 2007; 
Wesinger et al., 2000). 
Motor Tests 
 
Developmental neuronal cell death is considered important for matching the 
number of afferents to targets. Approximately 50% of the motoneurons initially generated 
during development die between embryonic days E13-19 after motoneurons contact their 
muscle targets (Lance-Jones, 1982; Yamamoto et al., 1999). In a study done on the 
neuromuscular system of Bax-/- mice, rescued cells were seen to persist in adult animals, 
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develop a neuronal phenotype, and project axons into peripheral nerves. Complete rescue 
of motoneurons from apoptosis was seen with an increase in the number of retrogradely 
labeled facial motoneurons after tracer injections into target regions. An overall reduction 
in the size of motoneuron cell bodies and axons was seen however. Virtually all rescued 
motoneurons appeared to project axons in close proximity to muscle targets (Buss et al., 
2006). 
 Motor behavior tasks like the RotaRod require the animal to make fine 
adjustments in the synchronization of muscle movements involved in walking. It is 
possible that the deficit in motor timing ability is due to lack of neuronal cell death during 
development in one or more of brain regions affected. The RotaRod test is a sensitive and 
quantitative measure of motor function or impairment as first described by Dunham et al 
in 1957 (Dunham et al., 1957; Jaworski et al., 2005, Benn et al., 2005, Chennathukuzhi et 
al., 2003). The rotating rod tests the mice for their ability to coordinate balance and 
movement to stay on the rod as it rotates. No sex differences have been reported in 
RotaRod or Hang Test performance in wild type animals (Rondi-Reig et al., 1999; 
Slamberova et al., 2006). 
 
Hypothesis and Overall Predictions for All Tests 
 
 
The hypothesis behind the female and male sex behavior tests was that sex 
differences in cell number in sexually dimorphic brain regions underlie sex differences in 
male and female sex behavior. If so, then deletion of the Bax gene should reduce the 
magnitude of (or eliminate) the sex difference in male and female sex behaviors in Bax-/- 
mice. 
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The hypothesis underlying the RotaRod and Hang tests was that natural neuronal 
cell death during development contributes to optimal motor function and the overall 
prediction for the outcome of these tests was that deletion of the Bax gene should impair 
motor function in Bax-/- mice. 
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CHAPTER 2 
 
 
EXPERIMENTAL DESIGN AND METHODS 
 
 
Animals and Overall Design 
 
Two cohorts of animals were used. Each cohort had 40 animals (10 each of male 
and female and Bax-/- and wild type mice) obtained from our Bax breeding colony. In 
addition, we used 10 wild type teaser females per cohort, obtained from our C57Bl6/J 
colony, for tests of male sexual behavior, and 16 CD1 stud males obtained from Charles 
River Breeding Laboratories for test of female sexual behavior. Animals were housed 
singly, and maintained on a reversed 14 hour light/10 hour dark photoperiod (lights  on at 
9:00 PM and off at 11:00 AM EST).The temperature in the room was regulated to remain 
between 68-72°F and Purina mouse chow and water was available ad libitum.. All tests 
were conducted between 12 noon and 4 pm (i.e. in the early dark phase of the cycle.) 
Low levels of male sexual behavior were observed in all groups during the first 
three tests: only five wild-type animals (3 male; 2 female) and no Bax -/- animals 
exhibited mounts or mounts with thrusts.  A “social housing” paradigm (specifically, 
exposure of singly-housed animals to male or female conspecifics for short periods of 
time prior to testing) was used previously to increase male sexual behavior (Rissman et 
al., 1997; Wersinger and Rissman, 2000; Burns-Cusato et al., 2004).  So, following the 
third test for male sexual behavior, animals were housed for two days with a female 
mouse; the fourth test was done one week later. 
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Gonadectomies and Hormone Treatments 
 
 
Animals were gonadectomized in adulthood at more than 6 weeks of age under 
isoflurane anaesthesia. One week was allowed for recovery from surgery before any 
treatment was administered. Mice of both sexes were treated with a 20µg/0.1ml of 
estradiol benzoate (EB) dissolved in sesame oil followed by 500µg/0.1ml progesterone 
(P) dissolved in sesame oil 51 and 3 hours prior to testing, respectively, to test for female 
sex behavior. Teaser females were administered the same doses of EB and P as above 
both when performing practice sessions with CD1 stud males and for male sex behavior 
tests.   
A separate cohort of animals was implanted with a Silastic capsule (1.02 mm ID 
X 2.16mm OD) packed with 5 mm of crystalline T under the skin between the shoulder 
blades to test for male sex  behavior.  
Animals were tested in a quiet dark room with red lighting. Sex behavior tests 
were conducted in clear Plexiglass testing cages (18 X 38 cm) placed on wooden support 
boxes installed with mirrors. 
 
RotaRod and Hang Test Apparatus 
The Rotarod Apparatus (Columbus Instruments Inc) used consisted of a plastic 
horizontal rod (50 cm long, 3 cm in diameter) separated by plastic dividers into four 
compartments. Each compartment was equipped with a timer which was stopped by the 
weight of the animal when it falls off the rod (Rondi-Reig et al., 1999). A variation of the 
Hang Test as first described by Tislon et al. (1978) was designed in the lab using a wire 
(approximately 25 cm long, 0.3 cm in diameter) hung on a wooden rod for support at the 
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top and looped at the bottom to allow mice to hang on to it by their forepaws. Forelimb 
strength was assessed by lowering the mouse onto the looped part until it grasped the 
wire with its front paws. In a variation of this test, in which the mouse used both its 
forelimbs and hindlimbs to maintain its grip, the mouse was placed on a modified cage 
lid (with duct tape placed around the edges), and the lid inverted (Hamann et al., 2003; 
Krieger et al., 2004). The lid was shaken gently for 30 seconds and time recorded. Both 
pieces of apparatus were located 1.5 m above a thick carpet of bedding (to cushion falls). 
 
Female Sex Behavior 
 
 
Gonadally intact stud males of the CD1 strain were presented to wild type 
ovariectomized, EB and P primed practice females once every week for 3 weeks before 
female sex behavior testing began (to acclimate to the testing and eliminate any studs that 
did not perform.) The same stud males were then presented to the experimental animals 
when testing for female sex behavior. Stud males were put into the testing arenas 30 
minutes before testing began to allow them to become familiar with the space. At the end 
of this period, the experimental, hormonally-primed animals were introduced into the 
arenas. The animals were observed for either a total of 20 minutes or when 20 mounts 
were made, whichever came first, and the number of mounts and pelvic thrusts by males 
were noted to calculate the Lordosis Quotient (LQ). In the lordosis posture, female mice 
do not arch their backs in a strong lordosis posture as do rats, but they remain immobile 
for males to thrust and so LQ was defined as = # thrusts / # mounts X 100.  Latency to 
mount and intromit was also noted as a measure of female sexual attractivity. A mount 
was scored if the male placed his forepaws on the back of the female in an attempt to 
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mate with her (and not as part of play or grooming behavior). A thrust was scored if the 
stud male attempted to insert his penis into the genital area of the EB and P primed test 
animals of either sex. The testing arena was fitted with mirrors to allow careful 
observation of mounts and whether or not a pelvic thrust was really attempted. 
 
Male Sexual Behavior 
 
Ten animals of each genotype and sex were implanted with a T capsule following 
gonadectomy at 7 weeks of age. Experimental animals from Cohort 2 were implanted 
with a T capsule to allow chronic release of testosterone and minimize stress to the skin 
from injections when tested for male sex behavior. Male sex behavior was tested after 2 
weeks of capsule implantation to allow the animals both rest and sufficient testosterone 
levels in their circulation. Ovariectomized wild type females given EB and P injections 
were used as teaser females. Animals were tested every week for 3 weeks and observed 
for 40 minutes. The number of mounts, intromissions and ejaculations, as well as the 
latency to show these behaviors was noted. Criteria for counting mounts and 
intromissions were the same as above.  
 
RotaRod and Hang Tests 
 
Experimental animals in both cohorts were tested for motor agility and 
coordination using a RotaRod test. Animals were placed on an accelerating rod that 
attains a desired speed gradually. Animals were given at least 1 practice trial lasting 90 
seconds (on a portion of the RotaRod which was textured with thin rubber strips to allow 
mice to get a better grip on the rod while it rotated). After a week, animals were subjected 
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to experimental trials performed at two different maximum speeds of 11 and 22 rpm for a 
total of 10 trials lasting 300 seconds each on non-textured portions of the rod.  Mice got 
at least 30 minutes of rest between trials on the RotaRod to prevent fatigue. The latency 
of the animals to fall off the rod was recorded and plotted versus trials. 
In the hang test, animals from Cohort 2 were hung by their forepaws on a wire 
and the latency of the animals to fall off the wire recorded for a maximum of 120 seconds 
over 2 trials as an indication of their motor strength. In the cage lid variation of this test, 
the animals were allowed to grasp the cage lid for a few seconds before it was gently 
inverted and shaken from side to side. The latency of the animals to fall off the lid was 
recorded for a maximum of 60 seconds over 2 trials. 
 
Data Analysis 
 
Data from male and female sex behaviors and motor behavior were analyzed by 
performing a repeated measures 2-way ANOVA with sex and genotype as the between 
subjects factors and trial as the within subjects factor. The Mann-Whitney U test was 
used to analyze male sex behavior.  
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CHAPTER 3 
 
 
RESULTS 
 
 
Female Sex Behavior 
 
Across all six female sex behavior trials, significant main effects of sex (p < 
0.01), and genotype (p < 0.0005), as well as a sex-by-genotype interaction (p < 0.05) on 
the LQ were found. A significant effect of test-session (p < 0.002) and a test-by-sex 
interaction (p < 0.05) was also observed.  Figure 3 shows the change in pattern of the LQ 
values with trial for the four groups. The sex difference in female sexual behavior in 
wild-type mice reported previously (Kudwa et al., 2005; reviewed by Kudwa et al., 2006) 
was preserved, with significantly higher lordosis quotients in wild-type females than in 
wild-type males during each of weeks 3, 4, 5, and 6 (all p-values < 0.005). For wild-type 
females, the LQ rose significantly around the third week of testing and remained high 
(about 80%) through the end of testing. This was expected from previous studies where 
wild-type female mice of the C57Bl6J strain when tested for female sex behavior, take 3 
trials to show an increase in LQ ( Kudwa et al., 2005, Reviewed by Kudwa et al, 2006) . 
For wild-type male and both male and female Bax knockout mice, low levels of female 
sexual behavior and no significant increase in behavior across test sessions was seen.  
There also was no sex difference in LQ between female and male Bax -/- animals over all 
six tests combined (p > 0.30) or on any single test (all ps > 0.10).  LQs in Bax -/- animals 
were lower than in wild-type females (p < 0.0005), and did not differ significantly from 
LQs of wild-type males (p > 0.05).  So deletion of Bax impaired female sex behavior and 
eliminated the sex difference in this behavior.   
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 Latency of the CD1 studs to mount experimental animals did not differ by 
genotype or sex (p>0.05).  
 
Male Sex Behavior 
 
Table 1 shows the percentage of mice in each group exhibiting mounts or mounts 
with thrusts. Ten of 20 wild-type animals displayed mounts and/or mounts with thrusts, 
in contrast to only 1 of 18 Bax-/- mice. Before being housed socially with females, no 
Bax -/- mouse displayed any male sex behavior. Fisher’s Exact Test confirmed that the 
proportion of animals mounting (p < 0.003) or intromitting (p < 0.002) was significantly 
lower in Bax -/- than in Bax +/+ mice.  If all animals were included in the analysis 
(whether or not they showed any behavior), Mann-Whitney U Test confirmed that Bax-/- 
animals exhibited fewer overall mounts (p < 0.002) and mounts with thrusts (p < 0.001) 
than did Bax +/+ mice. No sex difference in male sexual behavior was observed.  There 
also was no significant effect of sex on the number of mounts or mounts with thrusts (p = 
0.20 for mounts and p = 0.153 for mounts with thrusts, Mann-Whitney U Test).  
 
Motor Behavior 
 
The mean latency to fall off on the cagelid test did not vary by sex or genotype (p 
> 0.05 in both cases), although there was a tendency for wild type mice to perform better 
(p= 0.051; Figure 3). The proportion that successfully completed both the cagelid and 
hang tests (i.e. hung on for the full duration of 120 seconds on the hang test and for 60 
seconds on the cagelid test) did not differ significantly by sex or genotype. 
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In the RotaRod test (Figure 5A) , there was no significant effect of sex or 
genotype on latency to fall at the low speed (p > 0.8 and p > 0.06 respectively.) Mice of 
all four groups improved with trial when tested at the lower speed ( p < 0.0005).  At 
higher speeds, Bax -/- mice were impaired relative to wild-type controls (Figure 6B, p = 
0.002). Both genotypes again improved with trial at the higher speed ( p < 0.0005), but 
improvements were greater for wild-type than for Bax knockout animals (p < 0.03 for 
trial-by-genotype interaction).  
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CHAPTER 4 
 
 
DISCUSSION 
 
Bax is abundantly present during developmental cell death in many brain regions 
(Vekrellis et al., 1997) and deletion of the Bax gene alone eliminates most of the neuronal 
cell death in the PNS and CNS (White et al., 1998). Although the appearance and 
behavior of Bax knockouts are grossly normal (Knudson et al., 1995), sexually dimorphic 
behaviors have not been studied. It was observed that both the male and female sexual 
behavior of the knockouts was significantly impaired, and the motor behavior impaired at 
high speeds on the RotaRod. 
 
Female Sex Behavior 
 
  As expected, female sex behavior in wild type mice was sexually dimorphic, with 
female mice exhibiting significantly higher LQs than the males across the 6 weeks of 
testing. The knockouts of both sexes showed significantly lower LQs and no increase 
across trials.   
Multi-synaptic circuits in the brain and spinal cord modulate reproductive 
function. For example the vomeronasal system is a distributed network of sexually 
dimorphic neuronal populations including the medial amygdala (MeA), BNST, the 
AVPV, and the ventromedial hypothalamus (VMH). These regions are reciprocally 
interconnected to integrate olfactory and pheromonal cues with other information to 
modulate reproductive function (reviewed by Cooke et al., 1998)  (see  Figure 1). Bax 
deletion increases cell numbers in both sexes of Bax-/- animals in the BNSTp, AVPV and 
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SNB most likely by rescuing neurons that would otherwise die during the perinatal cell 
death period (Forger et al., 2004; Jacob et al., 2005). The brains of the Bax knockout 
mice studied were mosaic with respect to sexual differentiation within each animal- the 
AVPV was feminized and the BNSTp masculinized. The lack of lordosis by the 
knockouts could be because an increase in neuron number in particular brain regions of 
Bax-/- mice inhibited the exhibition of lordosis. In support of this, vomeronasal pathway 
studies showed that there are more neurons in the VNO structures of male rats in relation 
to females, which might contribute to the inhibition of the expression of lordosis in males 
(Segovia et al., 1993). 
Also, the BNST has been shown to provide a sexually dimorphic inhibitory 
(GABAergic) input to the AVPV and the VMH, areas responsible for ovulation (which is 
coupled with sex behavior) and lordosis respectively, (Polston et al., 2004). So it is 
possible that the rescued BNST cells serve to inhibit female sex behavior. It has also 
actually been suggested that the BNST may actually be involved in inhibiting lordosis in 
rats (Guillamon et al,. 1993). 
It is also possible that some of the neurons rescued by Bax deletion may not 
necessarily have formed functional synaptic connections with their targets [although extra 
SNB neurons in Bax-/- mice have been shown to project to their peripheral target 
regions](Jacob et al, 2005).  
In Bax-/- mice, apoptosis is absent in the adult-generated neurons in the dentate 
gyrus (DG) of the mouse hippocampus resulting in supernumerary neurons which show 
aberrant migratory patterns showing that loss of programmed cell death may alter 
guidance signals for the proper migration of cells. These DG neurons also fail to express 
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the mature DG neuronal marker (though they are differentiated) suggesting that 
spontaneous programmed cell death in the adult brain may be necessary for the 
maintenance of the mature neuronal phenotype in the rescued cells (Sun et al., 2004). 
Recently however, it has  been shown in the Forger lab that the cells rescued by Bax 
deletion in the BNSTp express NeuN, a marker of differentiated neurons, as well as the 
androgen receptor showing that the rescued neurons may be able to differentiate normally 
(Holmes and Forger, in preparation).  
 Since latency of the CD1 studs to mount experimental animals did not differ by 
genotype, the lower LQs in Bax knockout females are not likely to be because CD 1 stud 
males did not mount Bax knockouts as readily as the wild type mice. 
 
Male Sex Behavior 
 
 Male sex behavior in wild type mice has not been shown to be consistently 
dimorphic in previous studies. While some studies have shown that wild type males show 
higher levels of mounting and thrusting than females after gonadectomy and hormone 
treatment in adulthood (Wersinger et al., 2000), other studies show that normal females 
of several strains also show high levels of mounting and thrusting in response to a 
receptive female when treated with T or E in adulthood (Wersinger et al., 1997). 
In this study it was found that more wild-type females exhibited male sex 
behavior than wild type males, although this was not statistically significant. Thus, male 
sex behavior was not sexually differentiated in the C57Bl/6 strain of mice used for this 
study.     
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Overall only 50% of the wild-type animals exhibited mounts or mounts with 
pelvic thrusts in response to stimulus females. Behavior levels may have been higher if  
male sex behavior was tested for longer than 40 minutes as has been done in some studies 
earlier (Wersinger et al., 1997) or by testing animals in their home cages (instead of in a 
novel test arena which may have been stressful to the animals despite being given time to 
acclimate to it). Although in a recent study on male sex behavior, similar levels (55-58%) 
of male sex behavior were elicited by wild type animals gonadectomized and given 
testosterone treatment even though the animals were tested in their home cages (Bodo et 
al., 2007). 
As for female sex behavior, an increase in neuron number in particular brain 
regions might have interfered with exhibition of male sex behavior. Increase in neuron 
number in other sexually dimorphic brain regions (where females have more cells than 
males) may also have led to suppression of male sex behavior.  
 
Motor Behavior 
 
While Bax knockout performance did not vary significantly from that of wild type 
mice on the hang test, the cage lid test or the low speeds on the RotaRod, performance at 
the high speed RotaRod test was significantly impaired. A similar pattern is seen with 
Hu-Bcl-2 mice which show normal performance on tests of equilibrium, basic motor 
coordination and muscular strength but deficient performance on a complex motor 
coordination task – walking on a RotaRod at 20 rpm and 40 rpm.  
In an electrophysiological and behavioral study done on Bax-/- mice with excess 
motoneurons, most parameters of motor function tested were completely normal in Bax-/- 
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mice. There was no difference in performance between knockouts and wild types on tests 
of motor coordination like the RotaRod test or balance tests like beam walking or hole 
board walking. The Bax-/- mice even showed improved performance on one of the tests 
of motor strength - the grip strength test possibly because they have more motoneurons 
(Buss et al. 2006). However, the results from this study may have been based on a single 
RotaRod trial. From the studies done here and with the Hu-Bcl-2 mice, the Bax-/- animals 
show impairments at the higher speed RotaRod i.e. tasks which require the animal to 
make fine adjustments in the synchronization of muscle movements involved in walking.  
Performance on the RotaRod is known to be dependant on an intact 
olivocerebellar system (Rondi-Reig et al., 1997). It is possible that perturbations in 
different elements of the synaptic network involved in motor coordination result in the 
deficient performance of the Bax-/- mice to display robust performance at high speeds. 
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Fig 1 A schematic diagram of the neural circuitry which receives information from the 
vomeronasal organ (VNO), the receptor for pheromonal signals. Sexual dimorphism has 
been reported for each of these neural regions in rats. The interconnected nature of this 
system of nuclei is obvious even though, for clarity, not all the connections between them 
are depicted. Abbreviations:AOB, accessory olfactory bulb; AVPV, anteroventral 
periventricular nucleus; BAOT, bed nucleus of the accessory olfactory tract; BST, bed 
nucleus of the stria terminalis; MeA, medial amygdala; mPOA, medial preoptic area; 
VMH, ventromedial hypothalamus (Figure and Legend from Cooke et al., 1998) 
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Fig 2 Mean ± SEM lordosis quotients of wild type and knockout mice over 6 weeks of 
trials. Wild type females show high LQ from weeks 3-6. Knockouts showed significantly 
lower LQs than wild type females across all 6 trials (p<0.0005). Wild type males also 
showed significantly lower LQs compared to wild type females in weeks 3-6 (all p values 
< 0.005). 
 
 
 
 
  28 
Table 1 Male sex behavior in wild type and Bax knockout mice of both sexes showing 
the percentage of mice in each group exhibiting mounts or mounts with thrusts and the 
mean number of mounts per animal 
 
 
                            % mounting     % thrusting     # mounts1,2     
           
Male Bax +/+               40.0            30.0              9.3 ± 3.7 (4)  
(N = 10) 
  
Female Bax +/+   70.0             60.0             14.8 ± 2.7 (7)      
(N = 10) 
   
Male Bax -/-     5.5               0                 3.0 (1)   
(N = 9) 
 
Female Bax -/-      0               0        --       
(N = 9) 
 
1Includes only those animals that exhibited behavior; number of animals indicated in 
parantheses. 
2Means ± SEMs  
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Fig 3 Cagelid test results for wild type and Bax knockout mice. There was no difference 
in performance between wild type and Bax knockout mice of either sex (p>0.7) 
 
(Key : FWT – Female Wild Types, MWT – Male Wild Types, FKO – Female Knockouts, 
MKO – Male Knockouts) 
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Fig 4 Hang test results for wild type and Bax knockout mice. There was a tendency for 
wild type animals to do better than the knockouts (p=0.051)  
 
(Key: FWT – Female Wild Types, MWT – Male Wild Types, FKO – Female Knockouts, 
MKO – Male Knockouts) 
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Fig 5A RotaRod Test Results at 11 rpm. There was a tendency for wild type mice to 
perform better than knockouts across all 4 trials on this test (p<0.07) 
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Fig 5B RotaRod Test Results at 22 rpm. Bax knockouts exhibited shorter latencies to fall 
than wild type mice across all 6 trials on this test (p<0.002) 
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